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GENE DELIVERS SYSTEM 



une 



TbiB application is a oontinuatian-in pari Serial No. 08/657,913 MeJ Ji 
7, 1994, and Serial No. 60/021,408 Med July 9, 1996. 
BACKGROUND OF TmS INVENTION 

A variety ai tedmiques kave Leen used to introduce foreign genes into cells. 
Pkysical metkods include co-precipitation witk calcium pliospkate, JectropoiaiiGn, 
and particle bomkardnient Wliile tkese direct transfer teclmiques ate adequate m 
vitro, tkey axe impractical in vivo. Prominng in vivo gene tkerapy relies cm a carrier 
stick as viral vectors or liposomes fordelivezy. lliere are still lingeiing safely concerns 
for viral vectors. Another hmftatinn is tlie size of tke DNA sequenoes, usually limited 
to 7-8 kL, tkat can ke incoipoiaied into tke viral vector. liposomes, on tke otker 
kand, kave low loading level in general. In kotk cases, tkere is tke issue of cell or 
tissue specificity for tkese gene delivery systems. 

Controlled drug delivery kas signi&cantly improved tke success of many drug 
tketapies (Langer, R., 1990, New metkods of drug dekvery, £oenoe, 249:1527-33; 
Poznanslgr, et al., 1984, Biological approackes to tke controlled d^very of drugs: a 
critical review, PhamuuxJ. Rtv., 36l277-336). A major goal of drug delivery is to 
locakze tke drug to tke target site, ikese targeted delivery systems often take tke form 
of injectakles composed of kposomes (Gregoriadis, G., 1988, Liposomes as Drug 
Carriers, New York: Wtleif; Litzinger, el al., 1992, Pkospkatidyletkanolamine 
liposomes: drug delivezy, gene transfer and immunodiagnostic appUcations, Biockimica 
etBiopkyaioaAda., 1113:201-27) and microspkeres made of proteins (Cummings, 
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el al., 1991, CovaUnl ccnipling of icwaruticjin in protein microaplieres is a ma)or 
ietmninant of tumor drug iepositian, Biodiem. Pkafm., 41:1849-54; Verrijik, et al., 
1991, Polymer-coated alLumin microepkeres as cairierB ioi intravascular tumor 
targeting of ciflplatin, Cancer Ckemoiker, an J Pkarm., 29:117-21; Tatata, et al,, 
1988, Potentiation of antitimior activity of macropLages Ly recomtinant interferon 
alplia A/D contained in gelatin microspkeres, /pi. /. Canozr Ra., 79:636-646), 
polyBaocliaiideA (Rongved, el aL, 1991, Ctosaed-linked, degiadaUe starck microspkcres 
80 rflTri fi T of paramagnetic resonance imaging: syntLesis, degiadationr and r^axation 
properties, CofhakyJraie Rea., 145:83-92; Carter, et aL, 1991, Hie comtination of 
degradaUe starckndcrcxplieEes and angiotenmn n m 

in an animal model of ccJorectal metastasifl, Bn&A /. Cancer, 65:37-9), and synthetic 
polymerB Pavis, et aL, 1984, Microsplieres and Drug T^kerspy, Amsterdam} Eldridge, 
el al., 1991, BiodegradaLle microspkeres as a vaccine dekvcry system, Molec. 
Immunology, 28:287-94; Pappo, et aL, 1991r Monodonal aniikody-directed targeting 
d fluoreecenl polyslyrene micrcepkeres to Peyer's patck M ceUs, Immunciogy, 73i2TI' 
80), Polymeric systems skare some of tke advanteges of hposomal systems suck as 
altered pkarmacobnetics and kiodistrikution. ^85liile liposomes migkt kave ketter 
prospects of kiocompatikility and potential for fusion witk cells, polymeric 
microspkeres kave more controllaklc rJease kinetics, ketter stakikty in storage, and 
kigker drug-loading levels for some classes of compotmds. 

Tkere is a need in tke art for a DNA delivery system ^ck can provide 
controlled release, is simple to make, is stakle, is cost effective, kas a kigk DNA 
loading level, and is relatively non-immtmogenic. 
SUMMARy nV THE INVENTION 

It is an ot ject of tke invention to provide polymeric particles for delivery of 
DNAtoceUs. 

It is an okjed of tke invention to provide a mctkod of makng polymeric 
particles for dekvety of DNA to c Jls. 
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It ifl anotker object of tlie iixvention to provide a metkod of delivering DNA to 
ceils usuig polyiuenc partides- 

lliese and otker ol)}ectB of tke invention are provided hy one or more 
emlxxWentfl described below. In one embodiment a nanospkere for gene delivecy is 
provided. Tlie nanospkere comprises a polymeric cation and DNA, and optionally a 
linking molecule or a targeting kgand is attacked to tke auiface of said nanospkere. 

In anotker embodiment of tke invention a metkod of forming nanospkeres for 
gene delivery is provided. Tke metkod comprises tke st^s of: forming nanospkeres 
by coacervation of DNA and a polymeric cation; and optionally adkering a linking 
molecule or a targeting ligand to tke surface of tke nanospkeres. 

In yet anotker emkodiment of tke invention a metkod £or introducing genes 
into cells is provided. Tke metkod comprises incubating cells to be transited witk 
solid nanospkeres comprising a polymeric cation and DNA. Optionally a targeting 
ligand is attacked to tke nano6pkere*a surface. Tke targeting ligand kinds to tke 
surface of tke cells to ke transf ected. 

Tlius tke present invention provides tke art vitk an attractive DNA dekvery 
system vkick is simple to prepare, is cost e^cthre, kas controlled release akility^ is 
storage stakle, and is kiocompatible. 
BRIEF DESCRIPTTON OF THE DRAVINGS 

Figure 1. Sckematic Jiagrawi skoving tke syntkesis of gelotin-DNA ooacervates. 

Figure 2. Gel electropkoresis of cDNA before and after encapsulation* 
(std= standard; Sup— supernatant, Pellet^nanospkeres p^eted ky 
centri£ugation). 

Figure 3. Gmtrolled release of intact IAMP-1 cDNA was demonstrated in viiro. 

Tlie nanospkeres were cross-linked witk glutaraldekyde at various 
glutazaldekyde concentrations tken degraded witk trypsin. Figure 3A 
skews tke courae of DNA release at various glutaraldekyde-cross- 
linking levels. Figure 3B skews (on gels and densitometer tracing) tke 
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5 DNA wbidi was rJeafied fjam tke nanospkeies at various times and at 

various levels of glutaraliekyde-cross-linking. 
Figure 4. Fluorescent images of U937 cells transfected l>y controls anJ LAMP- 
1 cDNA-loaded nanospkeies (at day 3 post-transfection). Figiire 4A: 
anti-DC44 nanospkeres witkout cDNA; Figure 4B: calcium 

10 pkoepkate transfeciion; Figure 4C: LAMP-1 nanospkeres vitkout 

antikody; Figure 4D: LAMP-1 nanospkeres coated witk anti-G)-44 
mAB. LAMP-1 eacpcesnon is manxCested as granules (in lysosomes) in 
tke cells. 

Figure 5. Flaw cytometric analysis of tke transfection eC&ciency of U937 cells 
IS ky antilympkocyte function associated antigen-1 coated nanospkeres 

and controls. Tlie actual mean fluorescence intensity (MFI) is skown 
in tke insect. Msp= microspkeres, MRK= a mismatcked anti-P- 
gl3rcoprotein antikodyi PLM ^anti-LFA antikody. 
Figure 6. Temporal expression cl LAMP-1 in 293s cells transfected ky anti- 
20 CD44 coated nanospkeres. 

Figtize 7. Preparation of DNA-ckitosan nanospkeres ky complex coaoervation. 

Nanospkeres £orm as a result of NajSO^ induced descdvation of tke 
polyelectrolyte complexes. Procedures or features tkat may kelp 
transfection efficiency, kut are not necessary for transfection include: 
25 tke coencapsidation of lysosomolytic agents or tkerapeutic agents into 

tke nanospkeres during tke complex coacervation; varying tke cross- 
linking to a&ct tke stakility of zumospkeres; conjugation of Ugands to 
tke sur^ce of tke nanospkeres to enkance rec^tor-mediated 
endocjftosiB . 

30 Figure 8. llie ckemistry of coupling of maimo8e-6-pkospkate to tke surface of 

a DNA-nanospkere using carkodiimides. 
Figure 9. Tlie cdiemistry of coupling of folate to tke surface of a DNA- 
nanospkere using carkodiimides. 
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S Figure 10. Tke okemistry ci coupling ai tiano^etrin io ike Buz^ce of a DNA- 

nanospkeie using carLodiimides. 
Figure 11. Tlie persistence cS. lud^erase expression in HEK293 cells a&er 
iians:^tian witk DNA-ckitosan nanospkeres is demonstxated. 8 X 
10^ KE¥29S cells were seeded into eack well plate 24 kours kefore 

10 trans^Qction, nanospkeres containing 1 figo[ DNA were incukated witk 

tke c^ in eack well for 4 kouzB. Tke cells were furtker inciikated witk 
(resk medium. After 5 days, tke cells were passaged at 1:5 dilution 
every 3-7 days (indicated ky an asterisk in tke figure). Luci&rase 
activities were measured at difl^rent time points. 

IS Figure 12. Expression of green fluorescence protein in HEIQ93 cells after 

transaction witk ckitosan nanospkeres containing pDI-neoGFP 
plasmid. 8 X 10^ HEK293 cells were seeded into eack well of 12 well 
plate 24 kours kefore tiansfectionf nanospkeres containing 1 mg of 
DNA were incukated witk tke cells in eack well for 4 kours. Tke cells 

20 were furtker incukated witk iresk medium for 3 dayS; tiypsinized and 

analyzed on a FACScan analyzer. Tke percentage of positive cells 
(transfection percentage) versus tke amount of nanospkeres is skown. 
Figure 13. Transaction of HEK293 cells witk mazmose-d-pkospkate or folate 
coi^ugated nanospkeres. 8 z cells were seeded into eack well of a 12 

25 well plate 24 kours kefore transfectian. nano^ikeres containing 2 

of DNA were incukated witk tke cells in eack weU for 4 kours. Tlie. 
cells were furtker incukated witk fresk medium for 3 days, and 
ludferase expres si on levels were measured using a Promega luci&rase 
assay system. 

30 Figure 14. Tkzee-pkase diagram for pSE-lud&rase pcDNA-ckitosan coacervation 

at 50 mM Na2S04 and 55" C. Tke dark skaded area skows tke 
concentration at wkick tke nanospkere pkase can ke okserved. 
Precipitation or aggregation occurs witkin tke kgkt area and tkere is tu) 
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5 pkaae Beparation in ike wliite area. Tlie conditionB iweJ to prepare 

nanoepkeres are flkown ty tke arzow. Tlie final composition 
nanoepketes aze 34.65 ± .0.95 % I>y veigkt of plasmiJ DNA and 
6535 ± 0.95% \iy wdgkt of diitasan; tkdr encapaulation ^dencies 
axe 98 ±2.0%aiul 92.7 ± 3.7%, xespectively. 

10 Figtue 15. Size distnlution of dutaean-basol nanoBpliezes is siiown as 

fleteonined \yy Dynamic Ligkt Scattering and Pkoton 
Correlation Spectroscopy. Tlie size a[ tke nanospkeres 
clustered tigktly ketween 200 and 300 nm. 
Figure 16. Nanopskere (ormtJation protects plasmid DNA £rom DNase 

15 I digestion. Naked DNA and nanospkeres were kotk incukaied 

witk different concentrationB DNasel iar 15 min. At 37° C. 
Tlie reaction was stopped witk iodoacetic acid, a DNase I 
;nUi'k 4«r, Tke nanospkeres were tken digested witk ckitosanaae 
and lysosyme far 2 kours. All samples were run on an 0.08% 

20 polyacrylamide gel and sfcained witk etkidium kromide. Lane 

1: molecular wdgkt maxkecs; lane 2: plasmid; lane 3: 
nancepkexes; lane 4: digested nanospkeres; lane 5: plasmid + 
DNAse (0.1 /ig); lane 6: nanospkeres + DNAse (0.1 lane 
7: nanospkfiMS -f DNase + digestion; lane 8: nanopskeres + 

25 0.5 /ig DNase; lane 9: nanospkeres + 0.5 /ig DNase -H 

digestion. 

Figure 17. Cytotoodcity of polycationic gene carriers. HEK 293 cdls (4 
X 10^/ well) wee plated in 96-well plates. Different 
concentrations c£ ckitosan, poly-L-lysine and lipoCectamine 
30 were added 24 krs. later. After 48 kxs cytotoxicity was 

determined ky an MTT (3*(4,5-dimetkylikia2ol-2-yl]-2,5- 
dipken3dtetzazokum kromide; tkiaolylklue)reaction assay 



wo 98/01162 



-7- 



PCT/US97/I3116 



accoixling to a Btaiulanl protocol. Diamonds: ckiiosan; 
squares: poly-L-iysine; triangles: lipo^ctamine. 

Figure 18. Green fluc]re8oen<» protein eaqnesaian ill HEK 293 cells 2 days 
after izans£ection. TransCectionB were carried out in a 24 well 
plate (5 X 10^ c^Wwell) using different amounts oi 
nanospkeces. Transfected cells were sorted after 2 days using 
FACscan. Ncsp 0.1 = nanospkeres xwtk 0.1 fig DNA^ Ncsp 
0,5 = nanoBpkeTOwitk0.5MgofDNA,etc. Scsp + CUq 1 
= nanospkeres witk ckloroquine and 1 flgci DNA. 

Figure 19. Uptake of nanospkeres in HEK 293 cells. Nanospkeres were 
made witk tke luci&rase plasmid and stained witk TO-PRO 
(Mclecuku: Prokes Inc.), a cdl-impenneakle DNA-kinding dye. 
Cells were wasked^ txypsinized at di&rent time points arter 
traxufecUonandaria^fzedkyFACscan. Cells transfected at 4"* 
C were used as controls to account for particles kound to cell 
surface. 

Figure 20. Storage stakiliiy of DNA-ckitosan nanospkeres and freeze- 
dried nanospkeres. Nanospkeres were made according to 
metkods descriked kelow. PEG- conjugated nanospkers were 
fteeze dried dired^ after keing spun down to sucrose gradients 
(50%). Trans^on of HEK 293 cetls was performed 
according to tke same metkod as kefore. 

Figure 21. Ckemical sckeme for attacking Uganda to tke surface of tke 
DNA nanospkeres. 

Figure 22. E^qxression ci ^-gal in muscle of BALB/c mice transfected witk 
pcBLacZ gene delivered in different forms. Levels were 
determined at days 7 and 21 post-trans&ction, and tke 
endogenous kackground galactosidase activity was suktracted. 
Values are average (n=6) + SD. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

It iB a <liBcavery d tke present invoitiaa tliat nucleic aciJ molecules o{ various 
ckain lengtLs can complex witli polymeric cations in aqueous con<litions to form solid 
nandsplieies ranging from submicron to microns in size. Iliese nucleic acid-loaded 
nanospkeres can e&dently iransf ect cells. 

Accocdling to ilie present invention, a polymeric cation Laving a similar cliarge 
density to gelatin, is used to complex witk nucleic adds to £orm nanospkeres. Proteins 
suck as iukulin, actin, cytockrcone C, kuman serum alkumin, and kistones may ke 
used as tke polymeric cation. Polymeric amino acids, suck as polyarginine and 
polylysine, may also ke used, altkougk nattiral proteins are preferred. Alternatively, 
carkokydrates suck as ckitosan, pzoteoglycan, metl^cellulose, amylose, and starck can 
ke used as tke pcJymeric cation. Typically tke pcdymeric cation kas a molecular weigkt 
of ketween 5,000-1,000,000. Ckitosan may ke particularly useful as tke polymeric 
cation of tke present invention. Desirakly sodium suli^te is used to induce tke 
coacervation of polymeric cation and nucleic acids. Etkanol can also ke used at a 
concentration of akout 40 to 60% to induce coacervation. 

Targeting kgands, if desired, can ke directly kound to tke sur^e of tke 
nanoapkere or can ke indirectly attacked using a "kridge" or "spacer**. Because of tke 
amino gtoixpB on some polysacckazides and on proteins (as provided ky arginine and 
lysine groi^ of tke protons), tke sur^Eice of tke nanospkeres can ke easily ilerivatized 
for tke direct coupling of targeting moieties. For example, carko-diimides can ke used 
as a <lerivatizing agent. Altematively, spacers (linking molecules and derivatizing 
moieties on targeting ligands) suck as avidin-kiotin can ke used to indirectly couple 
targeting kgands to tke nanospkeres. Biotinylated antikodies and/or otker biotinylated 
li gmda can ke coupled to tke avidin-coated nanospkere sur^ice effeciently kecause of 
tke kigk a&nity of kiotin (k.- 10^ M'^) for avidin (Hazuda, et aL, 1 990, Processing 
of preciuBor intedeukin 1 keta and inflammatocy disease,/. Bid. Cbsm., 265:6318- 
22? Wikiek, et al., 1990, Introduction to avidin-kioiin tecknology, MetkoJs In 
Enxymology, 184:5-13). Orientation-selective attackment of IgGs can ke ackieved 
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S \yy l)iotinyiatmg tke antil)cxly at the oligoflacdiande groups founJ on tke portion 

(O'Skannessy^ et al., 1984, A novel procedure £or labeling iznmunoglobialins hy 
conjugation to oligosacckarides moietieB, Immunol, Lett., 8:273-277). Hiis design 
to preserve tke total numl>er of available Lindingjiites and renders tke attacked 
antibodies less immunogenic to F(« receptor-bearing cells sucb as macropkages. 

10 SpacesB otker tkan tke avidin-biotin bridge can also be used^ as are known in tke art. 

For example, Stapk)docoocal protein A can be coated on tke nanospkeres (or binding 
tkeFr portions o( immtmoglokulin molecules to tke nanospkezes. 

CroBS*linking can be used to stabilize nanospkeres. Tkis is particularly useful 
for protein-kased nanospkezes, suck as tkose made of gelatin. Tke rate of nanoepkere 

IS degradation and nucleic acid release can be designed a priori by varying tke extent of 

cross-linking. Increased cross-linking yiJds increased stakility of tke nanospkere. Tke 
loading level of nucleic acid can be as bigb as 30% (w/v), witk an encapsulation 
e&ciency of >95%. 

Cross-linking of linking molecules or targeting kgands to tke nanospkere is 

20 used to promote tke staklity of tke nanospkere as well as to covalently aiijx tke linking 

molecule or targeting kgand to tke nanospkere. Tke degree of cross-linking directly 
a&cts tke rate of nucleic adds release from tke microspketes. Cross-linking can ke 
accomplisked using glutaraldekyde, carkodiimides suck as EDC (l-etkyl-3-(3- 
dimetkylaittinopropy^-caxbodtimids, DCC (N,N*-dicycloke3^caid)odiimide)r carkoRyls 

25 (peptide kond) linkage, kis (sulfosucdnimidjd) sukeacate, dimediylsuberimidate, etc. 

Targeting kgands according to ike present invention are any molecules wkick 
bind to specific types of cells in tbe body. Tkese may be any type of molecule for 
wkick a cellular receptor exists. Preferably tke cellular receptors are expressed on 
30 specific cell ^^pes only. Examples of targeting kgands «4iiGk may be used are 

kormones, antibodies, cell-adkesion molecules, sacckarides, drugs, and 
neurotransmitters. 
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Tke nanosplieres of ilie present invention We good loading properties. 
Typicafly, tJlowing tke medioJ of tlie present invention, nanospkeres kaving at least 
5% (Ww) nucleic adds can te ackieved. Preferakly tke loading is greater tkan 10 or 
15% nucleic adds. Often nanospkeres of greater tkan 20 or 30%, kut less tkan 40 
or 50% nuddc adds can ke ackieved. Typically loading e&dendes of nucldc acids 
into nanospkeres of greater tkan 95% can ke sckieved. 

Ike metkod of tke present invention involves tke coacervation of polymeric 
cations and nucleic adds. Because tkis process dq>ends on tke interaction of tke 
podtiv^ ckarged polymeric cations and tke negatively ckarged nucldc adds it can ke 
conddered as a complest coacervation process. However, sodium sul^te (or etkanol) 
induces tke coacervation reactirai ky inducing a pkase tianrition, and tkerefore it could 
also ke conddeied as a simple coacervation reaction. Nucldc acids are present in tke 
coacervation mixture at a concentration of ketween 1 ng/ml to 500 Mg/ml. Desirakly 
tke nucldc adds are at least akout 2-3 kt in lengtk, and may range up to 10, 20, or 
50 kk. Sodium sulkle is present at ketween 5 and 100 mM. GelaUn or otker 
polymeric cation is present at ketween akout .01 and 7%, preferakly ketween 2 and 
5% (w/v), in tke coaocsrvation mixture. Typically, akout tcn-Ud kigker amounts of 
amino acid-kased polymers are required tkan carkokydrate kased polymers. Ttus 
gelatin is typically used at 1-5%, wkile ckitosan is typically used at 0.01 to 0.05%. 
Using ckitosan, suitakle concentrations of nucldc acids are ketween 0.002% and 
0.008%. 

An attractive nanospkere delivery system requires a deUcate kalance among 
factors suck as tke dmplidty of preparation, cost effectiveness, nucldc adds loading 
level, controlled release akility, storage stakility, and immunogenicity of tke 
oamponeoks. Tlie ge^ dJivcrjr system de«aiked kere may offer advantages compared 
to otker particulate d^xvery systems, including tke liposomal system. Tke proklcms 
of instakikty, low loading level, and controlled release akilily are kelter resolved witk 
tke polymeric nanospkere systems. Gelatin kas received increasing kiologic use 
ranging from surgical tissue adkesivc (Wdnsckelkaum, d al., 1992, Surgical 
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treatment of acute type A clissecting anexaiyBin xwth preservation of tke native aortic 
valve and use of kologic glue. Follow-up to 6 years, /. Titorac. Cariiovaac. Surg., 
130369-74) to quantitative immunolufltocheniical assays (Izumi, et aL, 1990, Novel 
gelatin particle agglutination test for serodiagnosis of leprosy in tke field, /. Cbnical 
MicroLiol., 28:525-9) and as drug delivery v^de (Tabata, et al., 1991, Effects of 
xecomlimant a^JLa-interferon-gelatin conjugate on in vivo murine tumor cell grovtk, 
Cancer Res,, 51:5532-6), due to its liiocompatiliilify and emymatic degradability in 
uivo. Compared to otker syntlietic polymeric systems, suck as tke extensively studied 
polylactic/polyglycdic copo^rmers, tke mild conditions of nanospkere formulation are 
appealing. Unlike tke scJvent evapc^ation and kot-mek teckniques used to formulate 
syntketic polymeric nanospkeres, complex coacervatian requires ndtker contact witk 
organic solvents nor keat. It is also particulaily suitakle for encapsulating kio- 
macromolecules suck as nucleic acids not only tkrougk passive solvent capturing kut 
aLo ky direct ckaxge-ckarge interactions. 

Unlike viral vectors, vkick cannot driver genes larger tkan 10 kk, tke 
nanospkere delivery system of tke present invention does not kave suck size 
kmitations. Nucleic acid molecules of greater tkan akout 2 kL can Le used, and 
nucleic acid molecules even from 10 to 50 kk m^ ke used. 

In genexal, tke range of possikle targets is dependent on tke route of injection, 
e,g,, intravenous or intraarterial, sukcutaneous, intxa-peritaneal, intxatkecal, etc. For 
systemic injections, tke specs^city of tkb ddivecy system is a&cted hy tke acoessikikty 
of tke target to klood kome nanospkeres, ndiick in turn, is affected ky tke size range 
of tke particles. Size of tke particles is aftcted ky temperature, component 
concentration, and pH in tke coacervation mixture, ike particles can also ke size- 
^aciionated, e.g,, ky sucrose gradient ultracentrifugation. Particles vitk size less tkan 
150 nanometers can access tke interstitial space ky traversing tkrougk tke 
^estrations tkat line most klood vessels walls. Under suck circumstances, tke range 
of cells tkat can ke ta^eted is extensive. An akkieviated list of cells tkat can ke 
targeted includes tke parendqnnal c^ of tke liver sinusoids, tke ^kroklasts of tke 
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connecUve tissues, tke cells in tke iJeto of LangerW. in the pancreas, the cardiac 
myocytes, the Chief anrl parietal cells of the intestine, osteocyles anJ chomhocytes in 
the Lone, heraWytes, nerve cells of the peripheral nervous system, epithehal ceUs of 
the kilmy an<i lung, Sertoli cells of the testis, etc. the targets for particles with sizes 
greater than O^inicnjns will he confined largely to the vascular compartment. Here, 
the taigelatle oJl types inchJe eiythio<7leB, Icuhocytes (i.e. monocytes, macrophages, 
B and T lymphocytes, neutrophils, natural hiller cells, progenitor cells, mast ceUs, 
eosinophils), platdets, anA endoth^ cdls. 

For suhcutaneoufl injectionB, the targetahle cells induce all cells that resides 
in the connective tissue {c.g., fehrohUsts, mast cefls, etc.), Langethans cells, 
toatinocytes, and muscle cells. For intrathecal injections, the targetahle cells include 
neurons, gUal ceUs, astrocytes, and hlood-hrain harrier endothelial ccUs. For 
intraperitoneal injection, Ae targetahle cells include the macrophages and neutrophils. 
Caihohydrate-hased nanospheies such as those made using chitosan offer many 

advantages. Cross-linking is not requirel In addition, a targeting Ugand is not 
required, although a can he used. Although applicants do not wish to he hound hy any 
particuLtf theory, it is postulated that cells have a receptor to which chitosan hinds. 
The concentration of DNA required in the ooacervation mix using chitosan is ahoul 
half of that required using gelatin. In addition, the conccntistiai of chitosan required 
is ahout one tenth that required for making gelatin nanospheres. Chitosan hased 
nanospheres can he freeze dried and are storage slahle. 

Because chitosan-hased nanospheres need not he croes-hnhed or reacted with 
targeting Uganda, they can he readily used after formation without the need for 
ertensive post^thesU purifications. Elimination of this post-synthesis processing 
permits the direct use of freshly made coaeervBtes to transfectceUs. An additional 
ccotrast hetween chitosan- and gelatin-hased nanospheres is the effect of .iiloroquine 
on transfection efficiencies. In the gelatin system, chloroquine improves the 
transfection effedency. However, in the chitosan system, chloroquine does not 
improve the transfection e&ciency. The size of the nanospheres is helieved to he 
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5 criticai isx e&cieni cellular delivery. Typically tke nanospkeres are lesB tkan ^,3,2, 

or even 1 fim. Moet preferalily ike BoliJ particles axe l>etween 200 and 300 nm. 
Examplea: 

Example 1 

Matrix Mederials: Gelatin (60 Uoom, type A team porcine sldn), ckondroitin 

10 4-Btiltte, glutaraldekyile (25%, grade 1), l-etkyl-3-(3-dimethylaminopropyl)- 

ca^Kxiiimide kydrockloride (EDC k3rdrockloride), and ultra-pure aucroae were 
purckased ixam Sigma Ckemical Co. (Si. Louis, MO). Biotin LC kydrazide, and 
NeubAvidin, and Coomasaie pxotein assay reagents were ixam Pierce (Rocked, IL). 
Centxicon microconcentratoxs were £ram Amicon (Beverly, MA). 

IS Monoclonal aniihoebeB: mAL PLM-2f a BALB/c mouse anti-porcine LFA-1 

(IgG^lJ wkick also cross reacts witk murine LFA-1, was isolated and purified as 
previously de8cril>ed (Hildxetk, et al., 1989^ Monoclonal antikodies against porcine 
LFA-'l: spedes cross-zeadivity and (unctiooal effects ci b-sukunii-sped&c antibodies, 
Molec, Immunol., 26:683-895). IB-4B, a rat anti-mouse LAMP-1 ascite fluid and 

20 a mouse anti-kuman were isolated as previously descriLed (de Wet, et al., 

1987, FixeQy lud^ase gene: structure and expressian in mammalian cells, Mol & 
Cell, Biol, 7:725-37). CHA is a IgGi tkat does not recognize any known in vivo 
mouse ^topes (H34iriteck Inc., San Diego, CA). Afiinity-puri£ied FITC and Teacas 
Red-lakeled pcdydonal anti-rat IgGs were obtained £rom Sigma. 

25 Genesi Two genes were used to demonstrate tke feasibility at tkis delivery 

system. Tke LAMP-a cDNA is a 6.4 kk circular supercoiled plasmid cDNA witk a 
mouse LAMP-1 gene (2.4 y>) inserted into an Invitxogen plasmid cDNA witk a CMV 
promoter (Guaamieri, et aL, 1993,/. Biol. Ckem,, 268:1941). Detection o{ LAMP- 
1 expression was done by staining cells witk anti-LAMP-1 mAb and witk secondary 

30 anti-IgG mAb conjugated witk Texas Red. Tke gene coding iot luci^erase enzyme is 

widely used in cell kic^ogy £or tke study of gene expression because ci tke bigk 
sensiiivityGftkeassay, its simplicity, arid lov cost. In addition, tke enzyme is a good 
rt^orter of gene expression kecause it is a c3rtosokc protein tkat does not require post- 
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translatianal processing for enzymatic activity (ie Wet, ct aL, 1987, Firefly luciferase 
gene: structure and esqiressitm in mammalian ceUs, Mo/. & CeS. Bial., 7:1^5-37; 
Wooi, et al., 1989, Introduction to lieetle luciferases anil tkeir applications, /. of 
BioLmin. & Chemilum., 4:289-301). Ue presence of ludferase can te reaiiily 
detected ty an enzymatic reaction tkit involve tke oxidation of keetle ludfcrin witk 
contTfmifa"* pmduction of a photon (in tlie form of cl ifgni l imiin escenoe.) Tlie assay 
was earned out using an assay kit pundiased from Piomega Coip. (Madison, WI). 

SynAeaisafnaemepLnB: A detailed sciiematic diagram for tlie syntteds of 
tke gelatin-DNA eoacervates is sWn in Figure 1. All concentrations descrilied are 
&nal concentrations in tke reaction mixture set at 67*C unless otKerwise slated. 
Gelatin/plasmid DNA nanospKeres coated witk avidin were syntkesized ky fcrst 
preparing a 3.5 mg^ml solution of plasmid DNA encoding a lysosomal associated 
memkrane protein-l (LAMP-1) (6.7 Kk, circular superooiled) in 42 mM sodium 
sul&te (NaaSOJ. Coacewation was initialed ky ike addition of gelatin (5%) to tke 
DNA/Na2S04 solution at equal volume wkile vorlexing at ki^ speed for 1 minute. 
CoenoapsuUtion of drugs and olker agents can ke aokieved ky adding directly to tke 

DNA/Na2S04 solution kefcae initiating coacerwation witk gelatin. Avidin (5 mg/ml) 
was added to ike microspkere suspension at a fcnal concentration of 75 ug Bvidin/ml 

microspkere solution, ite microspkeres mixture was layeied onto a Uyer of 70% 
suooee (w/v) and oentrifuged at 6,000 x g for 4 minutes (Brinkman Insfamnents Inc., 
Vestkury, NY, model LB-75). Miaoepkere fractions recovered from tke sucrose Uyer 
was diluted 5.fold witk water iken cross-linked witk glutaraldekyde (12.5 mM final 
concentration) for 10 minutes at room temperature. Unreacted glutaraldekyde was 
quencked ky adding elkanokanine (1 M) for 10 minutes. Ike microspkeres were 
dialyzed ky sucrose centrifugation as deseriked akove. 

AUaJtmtni of hioUnylataJ mAk to aviJin-eoaUJ iwen-pUw: 30 ug of 
antikodies (kiotinyUted according to estaklisked procedures (O'Skannessy, et aL, 
1984, A novel procedure for kAeling immunogy>ulins ky conjugation to 
okgosacckarides moieties, Immunol LOL . 8:273-277)) was added to 1 ml of avidin- 
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coated microspkeiefl suspension (11 mg/ml) ior 1 kour witk gentle agitation. 
Unl>oun<l mAk was removed dom micKOspkeres hy dialysis. 

Ckaractermtion of microaphm anJ hrubng perjormanae: DNA loaded 
micnaepkaes aditliited po^nnozpKic colloid sliape witk a polydispezsed particle size oi 
less tkan 3 microns as determined hy ligkt microscopy. Purified microspkeres were 
stakle £or at least one montk witkout apprectakle degradation. Tke loading level (or 
LAMP-1 plasmid DNA was 20% (w/w). Tke encapsulation e£&ciency was typically 
>95%. Ike mokikiy of tke free LAMP-1 DNA and tke released DNA (from tke 
microspkete) in 1% agarose gel electropkoresis were identical (Fig. 2), suggesting tkat 
tke encapsulated DNA was released in its original form. Release rate at tke cDNA 
i^Dom tke miczcspkeres was dependent on tke cross-knlong density and on enzyme 
level (Figure 4). Sustained release ciupto weeks can ke readi^ oktained. 

"^e tested tke akikty of tke LAMP-1 DNA loaded microspkeres to kind and 
suksequently transfect a kuman kisliocytic lympkoma cdl line (U937) in tissue 
culture. When coated witk eitker anti-LFA or anti-CD44 monoclonal antikody (Lotk 
protein targets were expressed in kigk amount of U937 cell siirface), expression 
I-AMP-1 protein was deterted ky day 3 (Fig. 4A^ fluorescent granules) wken stained 
witk antikodies recognizing LAMP-1. Tke staining pattern of U937 cells incukated 
witk LAMP-1 microspkezes was identical to tke calcium pkospkate metkod of 
transfection (Figure 4B). Microspkeres tkat were eitker coated witk avidin or non- 
speci&c CHA mAk akowed no granular staining patterns, and were identical to 
untreated c^ (Fig. 4C). 

Using flow cytometry, we skowed tkat tke expression of LAMP-l was detected 
in up to 5% of U937 cells in ciJture (Figure 5). None of tke controls — klank 
microspketesr microspkeres witk cDNA kut no antikodies, microspkeres witk cDNA 
and coated witk a mismatcked anti-P-glycoprotein antikody (MRK-Msp.), and free 
cDNA at a concentration six time kigker tkan entrapped in tke microspkeres - 
skowed any evidence cl tzansfeciion. ike efficiency of transfection appears to ke dose- 
responsive. In general, tke transCection efkciency of tkis particular gene and cell type 
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is comparaLle l)etween ike proposed microapkeric delivery Bystem (1-10%) anJ tke 
caldum pkoepkate predpitaiion metkoJ (2-15%). Figure 6 demonstrates tke concept 
in a different cell iype using a di&tent monoclonal antikody. Again, free cDNA could 
not ttanafect tke cells. Eventually tke LAMP-1 expression disappeared after several 
passages. Positive results were also oktained for tke luci&rase reporter gene aystem. 
Tzans&ctian was clearly detected ky measiirement ci lucifecase enzymatic activity, in 
293s cells incukated witk luciferase gene-loaded microspkeres. 

Ike general conc^t d syntkesizing tke DNA nanospkeres is skown in Figure 

7. 

DNA-gelatin nanospkeres were syntkesized ky vortexing 100 ml of a solution 
mnfeitTimg g^tin (5% w/v in distilled water) and 4 mM ckloroquine witk 100 ml of 
a solution CGEEitaining 0J2 mg/ml plasmid DNA and 4.3 mM sodium sulfate (Na^SO^) 
at 55''C£or one minute. Nanoqikeies witkout ckloroc[uine were syntkesized similady 
except witk a kigker NajSO^ concentration (45 mM). Tlie umeacted components 
were removed ky centzifuging tke mixture in a 100 ml sucrose layer (55% Ww) at 
40,000 X g ^ 7 minutes. Tte aucrose fraction containing tke nanospkeres was 
diluted witk water to 200 ml, tken crosslinked and conjugated witk 
transferrin ky adding tke nanospkere and transferrin solution (20 mg) to 22 ml of a 
0.2 M MES ku&r solution, pH 4.5, containing 0.1 mg/'ml of 
(l-etkyl-3-l3-dimell5^aminopropyl]WK3diin^ Tke reaction 

was carried out in room temperature for 30 minutes, tken quencked ky addition of 
glycine readung a 0.2 M final concentration. Crossknfcing was also ackieved ky 
reaction witk various concentrations of glutaraldekyde fcar 10 min. DNA-ckitosan 
zuuiospkexes were prepared similarly witk tke exception tkat tke ckitosan solution 
diluted to 0,02% (w/v, pH5.5 in 5 mM NaAc-HOAc). 

jRvample 3 ite general concept of 

syntkesiangDNAnanospkeres is skown in Figure 7. Microparticular coacervates of 
ckitosan or gelatin-DNA complaces farmed as a result of NaaSO^-induced desoKration 
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of tlie local water environment oi tke polydectrolytes. Syntkesis oi tke nanospliezes 
was optimized witk respect to salt concentration, pH, temperature, and reactant 
concentrations, as skown in tke tkree- pkase diagram o( Figure 14. Ai 55°C, pH 
5.5, and a soditnn suHate concentration o{ 50 roM, pkase separation of particulate 
ckitosan-DNA complexes occurred at tke concentration range of 0.005 to 0.02 % 
(w/v) for ckitosan, and 0.004 to 0.008 % £or tke DNA. As skown ky TEM and 
SEM in Figure 15, nanospkeres in tke range of 200-320 nm were formed. 

Ike Bokd nanospkeies protect tke DNA from enzymatic degradation (Figure 
16). Stakikly studies of tke DNA-ckitosan nanospkeres were conducted in 10% fetal 
tovine senun (FBS), vdiere tke nuclease decomposed tke DNA. Gel electropkoretic 
mobikty ana^wis ^ryAinM^A naked DNAincukated for 15 minutes in serum skowed 
dear indication (Lane 5), wkereas tke DNA in tke nanospkere remained intact (Lanes 
6 and 7). Even at a 5-fcJd kigker nuclease concentration of 0.5 ug/ml, tkere was still 
no sign of degradation (Lanes 8 and 9)- 

Ike cytotojdcity of ckitosan was compared to otker polycationic gene caniezs 
(Figuxe 17). Ckitosan was nontoxic at least i^ to a concentration of 200 ug/ml. Tke 
DNA-ckitosan nanospkeres containing tke GFP DNA transfected tke 293 cells in a 
dose-responsive manner (Figure 18). Uptake of tke DNA-ckitosan nanospkeres was 
rapid as demonstxated ky FACScan analysis (Figure 19). Almost 100% of c^ kave 
taken i:^ tke nanospkeres in 2 kouts of incukatian, displa)nng saturakle kinetics. 

To allow lyopkilization witkout aggregation, nanospkeres were derivatized 
according to tke ckemical sckeme skown in Figure 21. One mL of DNA-ckitosan 
nanospkeres suspension containing 50 mg of pcDNA was mixed witk 5 mL of DSS 
solution (10 mM), 10 mL of a-malemid)4-w-N-kydraxy8uccinimid)d poly(etkyIene 
glycol) solution (NHS-PEG-MAL, 2000, 5 mM), 20 mL of sucdnimidyl 
succinamide of metkoxy poly(etkylene glycol) solution (SSA*PEG, MW 5000, 10 
mM) and 100 mL of PBS kuffer tmder vorteidng. Tke mixture was stirred at room 
temperature for 30 min kekne 50 mL of 1 M glycine was added to quenck tke 
reaction, followed ky adding 250 mgcjtranfllennnmock&ed witk siJfky^ (free 
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sulfhydiyl groups were introduced into transferrin hy 2-ixninotluolane reaction, 
modification degree was 3—6 per tranaferrin)- After reaction for2 kouTB at room 
tempexaiure, tLe mixture was ultracentrifuged at 50,000g ^r 20 min in a 55% 
nicnsoe gradient llie nanospkeres isolated were lyopliilized directly. Conjugation of 
PEG5000 to ike surface of tke nanospkexes minimized any aggregation in solution. 
Tkesenanospkfses could also ke lyopkilized witkoui any aati-caldng agent and easily 
resuspmded. Transfediaa efficiency of ike nanospkens was not aftcted ky tkis PEG 
derivatization (Figure 20). Ndtker was it af^ted ky storage in sucrose solution or 
in tke lyopkilized state. 

Comparison of in vivo tzans^ction ef&dency was conducted ky injecting gelatin 
nanoepkeres containing tke LacZ plasmid (1 mg total DNA), DNA-Lipofectamine 
complex (1 mg total DMA), naked plasmid DNA (1 mg), or 5 x 1010 viral particles 
of AAV-LacZ suspended in 20 ml into tke exposed tikialis anterior muscle kundles of 
six-week old BALB/c mice. One and tkree weeks later, tke muscle was isolated, 
komogenized, and tke repor t er gene expression determined ky an assay kit 
('Gakdo-Ligki') si^plied ky Tropix (BedW, MA). Injection of gelatin nanospkexes 
containing 1 mg of tke LacZ gene into tke tikialis muscle kundle of mice produced 
P-gal expiesBion for at least 21 days (Figure 22). Tke levJ for an equivalent dose of 
naked DNA was 10-30 t>ld lower at day 7, and deckned to kackgroimd level ky day 
21. In contrast to tkeir reUtive performance in vitro, tke lipofectamine complexes 
were not as e&cient as ike nano^kexes. Tke expression level at day 7 was even lower 
tkan tkat of naked DNA. By gross okservation, tkere was acute inflamm atory 
response in tke muscle tissue treated ky tke lipo^tamine complexes, wkick migkt 
account for tke poor result. Tke AAV vector was tke most ef^ent, ekciting a ^-gal 
eaqnessian 50-100 times kigkerdian tkat of ike lumospkeras at day 7, and tke level 
increased 6-12 fold furtker at day 21, prokakly due to viral tepkcation. 

Nanospkeies syntkesized ky salt-induoed complex coacervation of cDNA and 
polycations suck as gelatin and ckitosan are efEicient gene delivery vekides. 
DNA-nanospkeres in tke size range of 200-750 run could tiansfect a variety of cell 
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lines. Altkougk tke transfecticm e&ciency ol tke nanospkeres was typically lower ikan 
tkat o( lipotectamine and calcium pkospkate CGntrols in cell culture^ tke P-gal 
caqpressian in muscle ci BALB/c mice was kigker and more sustained tkan tkat 
ackievedky naked DNA and lipofectamine complexes. Tkis gene dekvecy system kas 
several allxttctive (eatutes: 1) kgands can ke conjugated to tke nanospkere to stimulate 
xeceptor-mediated enJocytosis; 2) lysosomolytic agents can ke incOTporated to reduce 
degradation o{ tke DNA in tke endosomal and lysosomal compartments; 3) otker 
kioactive agents or multiple plasmids can ke co-encapsulated; 4) kioavailakikty of tke 
DNA can ke improved kecause of protection from serum nuclease degradation ky tke 
matrix; 5) tke nanospkere is stakle in plasma ^ectrol3^e8, and can ke lyopkilized for 
storage witkout loss of kioactivity. 
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CLAIMS 

1. A solid nanoepkece of less tkan 3 fJin ior gene delivery to cells, comprising 
a polymeric cation and a polyanion, wkerein tke polyanion consists of nucleic acids, 
^^lerein tke polymeric cation is not polylysine. 

2. Tlienano«pl«e of daim 1 wkerein tke polymeric cation is a carkokydrate. 

3. lliescsy nanospkeze of claim 2 vdierein tke polymeric »^ 

4. Tlie nanoepkete of cdaimlwkerein said nanospkere comprises 

5% (w/w) nucleic adds. 

5. Tke nanospkere of claim l^»kerein said nanospkete comprises greater t^ 

20% (v/w) nucleic acids. 

6. Ike nanospkere of claim 1 ^lierein said nucleic acids comprise a gene of 

2-20 kk. 

7. Ametkod of Wiing sokd nanospkeres for gene dekvery to specific target 

cells, comprising tke step of: 

irrmrnj ««w.oapk«Ba d lege tkan 3 um ky coacervation of nucleic acids and a 

polymeric cation wkick is not polylysine. 

8. Tke melkod of claim 7 wkerein tke polymeric cation is a carkokydrate. 

9. tke metkod of ^^^^'^ 8 wkerein tke coacervation is performed in tke 

presence of sodium sidfate. 

10. Tke metkod of claim 8 ndierein tke polymeric cation is ckitosan. 

11. Tke metkod of claim 8 wkerein tke polymeric cation is present at a 
concentration of akout 0.01-7% in tke step of coacervation. 

12. Tlie melkod of daim 8 wkerdn tke nuckdc acids are present in a 
concentration of 1 ng/ml to 500 /Ig/ml in tke step of coacervation. 

13. Tke melkod of ckim 8 wkerein tke concentration J sodium sulfate is 

ketween akout 5 and 100 mM in tke step of coacervation. 

14. A metkod tar introducing genes into ceUs^comprimg tke steps of: 
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incutating (a) eelL to te transfected witk (t) sokd nanoapkerea of less than 3 
fjtm Gomprifling polymeric cationic moleculeB and nticleic acid molecules, wkereby tke 
cells axe transacted vitk tke nucleic acid molecules, wkerein tke polymeric cationic 
molecules axe not pol}dy8ine. 

15. Hie melkod of claim 14 vkerdn tke polymeric cationic molecules are 
carkokydrates. 

16. Tke metkod o{ claim 15 wkerein tke polymeric cationic molecules are 
ckitosan. 

17. llie metkod o£ daim 15 wkerein tke nucleic add is DNA. 

18. Tke metkod of claim 15 wkerein tke nucdeic add is RNA. 

19. Tke metkod of claim 14 wkerdn tke cells are in ctdtuxe. 

20. Tke metkod of claim 14 wkerein tke c^s are in an animal. 
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FIG.1 

20 ul DNA* + 100 ul Na2S04 (43mM IN 0.6 ml EPPENDORF) 
65-C 80 u! GELATIN (5%)** 

VORTEX (MAX SPEED) 

LAYER ON 70% SUCROSE LAYER (4:1 SUCROSE VOL) 

25,000 xg. (4') 

TOP X X BOTTOM (SUCROSE) 
DISCARD RESUSPEND W/ HgO (1 :4 HgO) 

^AVIDIN (50 ug/ml MCSP) 




GLUTARALDEHYDE (5%) 
(1ul/1mlMCSP)30'RTO N 



UYER ON 70% SUCROSE UYER (4:1 SUCROSE VOL) 

25,000 xg (4') 



TOP 
DISCARD 




BOTTOM (SUCROSE) 
RESUSPEND W/ PBS (1 :4 PBS VOL.) 

^ BIOTINYLATED mAb 
^ (10 ug/ml MCSP) 30' RTO 



LAYER ON 70% SUCROSE LAYER (4:1 SUCROSE VOL.) 

25,000 xg (4') 




TOP X BOTTOM (SUCROSE) 

DISCARD RESUSPEND W/ PBS (1 :4 PBS VOL) 

CIRCULAR SUPERCOILED DOUBLE STRANDED PLASMID cDNA 6.8kb 
(LAMP-1) OR - 5.1kb (LUCIFERASE) 0.6-3.5 mg/.ml IN H2O. 

[ - GELATIN (60 BLOOM, TYPE A FROM PORCINE SKIN) FRESHLY MADE. 



SKnnnE SHEET (IHIUE29 
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LAMP-l Reaction LAMP-l Reaction 
cDNAStA Mixture <i>NAStd Mixture 

(0-3 M-g) (Sup) (1-5 {Jg) (Pellet) . 
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